A thermal desorption aerosol gas chromatograph coupled to a high resolution -time of flight -aerosol mass spectrometer (TAG-AMS) was connected to an atmospheric chamber for the molecular characterization of the evolution of organic aerosol (OA) emitted by woodstove appliances for residential heating. Two log woodstoves (old and modern) and one pellet stove were operated under typical conditions. Emissions were aged during a time equivalent to 5 h of atmospheric aging. The five to seven samples were collected and analyzed with the TAG-AMS during each experiment. We detected and quantified over 70 compounds, including levoglucosan and nitrocatechols. We calculate the emission factor (EF) of these tracers in the primary emissions and highlight the influence of the combustion efficiency on these emissions. Smoldering combustion contributes to a higher EF and a more complex composition. We also demonstrate the effect of atmospheric aging on the chemical fingerprint. The tracers are sorted into three categories according to the evolution of their concentration: primary compounds, non-conventional primary compounds, and secondary compounds. For each, we provide a quantitative overview of their contribution to the OA mass at different times of the photooxidative process.
Abstract. A thermal desorption aerosol gas chromatograph coupled to a high resolution -time of flight -aerosol mass spectrometer (TAG-AMS) was connected to an atmospheric chamber for the molecular characterization of the evolution of organic aerosol (OA) emitted by woodstove appliances for residential heating. Two log woodstoves (old and modern) and one pellet stove were operated under typical conditions. Emissions were aged during a time equivalent to 5 h of atmospheric aging. The five to seven samples were collected and analyzed with the TAG-AMS during each experiment. We detected and quantified over 70 compounds, including levoglucosan and nitrocatechols. We calculate the emission factor (EF) of these tracers in the primary emissions and highlight the influence of the combustion efficiency on these emissions. Smoldering combustion contributes to a higher EF and a more complex composition. We also demonstrate the effect of atmospheric aging on the chemical fingerprint. The tracers are sorted into three categories according to the evolution of their concentration: primary compounds, non-conventional primary compounds, and secondary compounds. For each, we provide a quantitative overview of their contribution to the OA mass at different times of the photooxidative process.
Introduction
Organic matter represents a major fraction (20-90 %) of particulate matter (PM; Kanakidou et al., 2005) . Organic PM is a complex mixture made up of tens of thousands of compounds (Goldstein and Galbally, 2007) , with some of them shown to be carcinogenic (Yu, 2002; Yang et al., 2010) . Identifying and quantifying their contribution to the organic PM mass is key in order to resolve its origins and impacts on human health and climate.
Extensive characterization of the molecular composition of primary organic aerosol (POA) emissions has already been conducted. For example, biomass burning emissions from both softwood and hardwood combustions (Simoneit et al., 1993; Fine et al., 2001 Fine et al., , 2002 Fine et al., , 2004 Nolte et al., 2001; Schauer et al., 2001; Schmidl et al., 2008a) , vehicular emissions (Rogge et al., 1993a, b; Fraser et al., 1999; Schauer et al., 2002; El Haddad et al., 2009) , and cooking emissions (Hildemann et al., 1991; Nolte et al., 1999; Schauer et al., 1999) have been broadly characterized. The full characterization of these emissions and their contribution to the concentration of total organic aerosol (OA) is of particular interest for source apportionment of ambient PM using molecular markers. In biomass burning emissions, compounds derived from the pyrolysis of cellulose and lignin are Published by Copernicus Publications on behalf of the European Geosciences Union. often reported. These include levoglucosan, a sugar anhydride compound and by-product of the thermal degradation of cellulose and a commonly used tracer of biomass burning organic aerosol (BBOA) in source apportionment (Waked et al., 2014; Bonvalot et al., 2016; Maenhaut et al., 2016) , as well as methoxyphenols, by-products of the thermal degradation of lignin. In fresh emissions, the emission factors (EFs) of these compounds can vary with the type of fuel (hardwood, softwood, or herbaceous types; Schmidl et al., 2008b; Schauer et al., 2001; Fine et al., 2002 Fine et al., , 2004 , the type of fire (open fire, fire places, woodstove; Fine et al., 2002 Fine et al., , 2004 , or even the sampling setup (in an experimental stack, in a dilution tunnel, or ambient; Nussbaumer et al., 2010) . Anhydrosugars and methoxyphenols are ubiquitous in the atmosphere impacted by biomass combustions, and have been used to demonstrate the significant contribution of biomass burning to the total organic aerosol source globally (Robinson et al., 2006; Gelencsér et al., 2007; Puxbaum et al., 20 2007; Stone et al., 2010; Crippa et al., 2013) .
Meanwhile, data on the evolution of these well-known primary compounds during atmospheric aging of the emissions remain scarce. Authors have typically focused on the gas-phase oxidation of methoxyphenols (Net et al., 2011; Lauraguais et al., 2012 Lauraguais et al., , 2014 Yee et al., 2013) , only few have specifically addressed the aging of levoglucosan in the particle phase (Hennigan et al., 2010; Kessler et al., 2010; Lai et al., 2014) , and only Fortenberry et al. (2018) have attempted to characterize the aged chemical fingerprint of biomass burning emissions at the molecular level, by means of a thermal desorption aerosol gas chromatograph (TAG) connected to a potential aerosol mass (PAM) flow reactor. Such data are of prime importance. Considering that the OA mass concentration from biomass burning can increase up to 7 times during photochemical aging in the atmosphere (Grieshop et al., 2009; Heringa et al., 2011; Ortega et al., 2013; Bruns et al., 2015; Tiitta et al., 2016) , the knowledge of the sole primary chemical fingerprint is not sufficient to understand and to assess the global impact of biomass burning on the atmospheric aerosol burden.
In a previous publication, we investigated the POA emissions and secondary organic aerosol (SOA) production potential generated by three woodstove appliances (two log woodstoves and one pellet stove) used for residential heating (Bertrand et al., 2017) using a HR-ToF-AMS. Here, we provide a comprehensive study, including the evolution of the molecular level composition of the emissions during a period equivalent to 5 h of atmospheric aging. The experiments were conducted using the atmospheric chamber of the Paul Scherrer Institute (PSI, Villigen, Switzerland). The data were obtained by means of a TAG-AMS (Aerodyne Research Inc.). We determine the EF and emission profiles of biomass burning tracers. In a first part, we derive the effect of combustion conditions on the EFs and the contribution of the tracers to the POA mass concentration, and in a second approach we Atmos. Chem. Phys., 18, [7607] [7608] [7609] [7610] [7611] [7612] [7613] [7614] [7615] [7616] [7617] [7618] [7619] [7620] [7621] [7622] [7623] [7624] 2018 www.atmos-chem-phys.net/18/7607/2018/ determine the effect of the atmospheric aging on the contribution of tracers to the total OA mass.
2 Materials and methods
Setup
The full setup and protocol was previously fully described in Bertrand et al. (2017) . The atmospheric chamber is a 5.5 m 3 Teflon chamber with a set of 40 × 100 W UV lights (310-430 nm; Platt et al., 2013) to initiate photo-chemistry ( Fig. 1) . Whereas most studies conduct their experiments at ambient temperature, here the chamber was set to 2 • C in order to simulate wintertime conditions. Relative humidity (RH) was kept at 50 %. Primary and aged emissions were characterized using a suite of instrumentation. This included a TAG-AMS (Aerodyne Research Inc.) for the online speciation of the OA particle mass (referenced in the text as identified OA), an Aethalometer (Magee Scientific Aethalometer model AE33; Drinovec et al., 2015) for the quantification of the equivalent black carbon (eBC) concentration, a HR-ToF-AMS (Aerodyne Research Inc.) for the bulk-condensed chemical composition and quantification of the non-refractory fraction of the aerosol (total OA, sulfate, nitrate, ammonium), and a proton transfer reaction -time of flight -mass spectrometer (PTR-ToF-MS 8000, Ionicon Analytik) for the monitoring of volatile organic compounds (VOCs). The PTR-ToF-MS was operated under standard conditions, i.e., ion drift pressure at 2.2 mbar and drift field intensity at 125 Td (Townsend unit, 1 Td = 10 −21 V m 2 ). The HR-ToF-AMS was equipped with a PM 2.5 aerodynamic lens and operated under standard conditions, i.e., the temperature of the vaporizer was set to 600 • C and the electron ionization (EI) to 70 eV. Emissions were generated by three different wood burning appliances. Stove A was a log woodstove fabricated before 2002, stove B a log woodstove fabricated in 2010, and stove C a pellet stove from 2010. For each stove, experiments were replicated 3 or 4 times (Table 1) . The log woodstoves were loaded with 2-3 kg of beech wood as logs and kindling wood, and with a moisture content between 10 and 12 %. The pellet stove was fueled with commercial pellets, considered premium quality (European Standards, 2012), composed of a mixture of pine and spruce wood, and with a moisture content of 7.7 % and a density of 600 kg m −3 . The stoves were connected from the chimney to the chamber via heated (140 • C) Silico-steel lines.
Experimental protocol
Following ignition and prior to injection into the chamber, the emissions were diluted by a factor of 10 through an ejector dilutor (DI-1000, Dekati Ltd.). After injection and prior to aging, the mass concentration of OA in the chamber ranged between 10 and 177 µg m −3 (Table 1) and can thus be considered representative of ambient to plume-like conditions. The concentration of NO x ranged from 50 to 255 ppb. Primary emissions were left static for approximately 30 min for homogenization and stabilization. Then, 1 µL of butanol-D9 (butanol-D9, 98 %, Cambridge Isotope Laboratories) was injected. Butanol-D9 is a commonly used tracer for hydroxyl radicals (OH) in atmospheric chamber studies (Platt et al., 2013; Bruns et al., 2015; Klein et al., 2016) . Its main fragment is at m/z 66.126 ([C 4 D 9 ] + ), which can be easily monitored by means of a PTR-ToF-MS (Barmet et al., 2012) . Nitrous acid (HONO) was injected continuously at a flow rate of 1 L min −1 . HONO dissociates under UV light (λ < 400 nm) to form OH. Here, to integrate the dilution factor owing to the continuous injection of HONO into the chamber, we retrieved the OH exposure (OH concentration integrated over time) based on the differential reactivity of butanol-D9 and naphthalene ([C 10 H 8 ]H + , m/z 129.070). The photo-oxidation of the emissions lasted for approximately 4 h. We calculated an integrated OH exposure at the end of our experiments that ranged between 5 × 10 6 and 8 × 10 6 molecules cm −3 h. This translates to 5 to 8 h of atmospheric aging, respectively, with a typical average daytime OH concentration of 1 × 10 6 OH molecules cm −3 .
Operation of the TAG-AMS
The TAG-AMS ( Fig. 1 ) permits the online collection and analysis of the OA particles at the molecular level with a time resolution of < 1 hour. The instrument presented here is a modified version of the original TAG system (Williams et al., 2006) . The TAG is coupled to a modified HR-ToF-AMS (DeCarlo et al., 2006) equipped with a quadrupole high-pass filter (Tofwerk) and opened at the rear flange to accommodate a transfer line (Williams et al., 2014) . The quadrupole deflects any ions at m/z < 10. This avoids the saturation of the detector by helium, used as the carrier gas in the TAG system. The transfer line connects the gas chromatography (GC) column of the TAG to the bottom of the ion cage inside the AMS. It consists of a coated stainless steel capillary, 15 inches long and 1/32-inch outer diameter, which is contained within a heated copper rod. The transfer line is maintained at all times at 300 • C. This TAG-AMS was also implemented with an online derivatization system for the analysis of more polar compounds (Isaacman et al., 2014) .
Emissions are sampled and passed through a parallel plate charcoal denuder to remove trace gases. The aerosol is then humidified (65-95 % RH) to enhance the collection efficiency onto the collection thermal desorption (CTD) cell. The CTD cell is kept at ambient temperature during sampling and then heated progressively (in 4 min) to 280 • C for the measurement. Analytes are thermally desorbed into a helium flow enriched with the derivatization agent Nmethyl-N-trimethylsilyl trifluoroacetamide (MSTFA, Sigma Aldrich). This derivatization flow is then routed to the cell in parallel with a pure helium flow (purge flow). The derivatization and purge flows were set to 40 and 15 cm 3 min −1 , respectively, so as to ensure complete derivatization of the more polar compounds. The organic material is transferred onto a focusing trap (15 m × 0.53 mm inner diameter × 5 µm film thickness (df) MXT-1 Restek column). During the transfer, the column is kept at 40 • C. Excess MSTFA is flushed out of the system in a subsequent purging step for approximately 4 min. In addition, compounds with a higher volatility than MSTFA are also flushed out. However, this does not affect the analytes of interest studied here. The separation of the analytes is achieved using a 15 m long × 0.18 mm diameter ValcoBond-5 fast GC capillary column. The initial temperature of the column is 45 • C and is then increased by 36 • C min −1 to 100 • C, then by 30 • C min −1 to 310 • C, and held for 5 min. We show chromatograms in Fig. S1 of the Supplement. Peak fitting and integration are achieved using the TERN (version 1.0; Isaacman-VanWertz et al., 2017) data analysis toolkit in Igor Pro 6.3 (Wave Metrics).
For optimum results, the TAG-AMS should sample air at 9 L min −1 . In order to make full use of the TAG-AMS without rapidly depleting the volume of the chamber, the sampling flow rate was restricted to 2 L min −1 . An additional line that sampled outside air filtered through a high-efficiency particulate air (HEPA) filter was installed to make up for the missing flow rate.
Five to seven samples were collected in each experiment. The first sample was systematically collected before photooxidation of the emissions (POA or fresh sample). Sampling lasted between 5 and 25 min, depending on the OA concentration measured in the chamber by the HR-ToF-AMS. To compensate for the loss of materials to the walls (see Sect. 2.4) during aging, the TAG-AMS sampling time was typically increased with each new sampling (Fig. 2) . Figure 2 . Example of the TAG-AMS and offline (quartz fiber filters) measurements sampling schedule during an aging experiment conducted at the PSI atmospheric chamber with emissions generated from woodstove appliances (Exp. 7, stove B). One sampling with the TAG-AMS is carried out before lights on to characterize POA. At t = 0 h, HONO is injected and the lights turned on to initiate photo-chemistry. The four to six samples were taken during the aging period.
Identification of the compounds for which the authentic standards were available (Table S1 in the Supplement) was performed based on their retention times and EI mass spectra. Identification of the compounds for which the authentic standards were not available was performed by match- ing their EI mass spectrum to the Wiley and National Institute of Standards and Technology (NIST) mass spectral libraries. The identification of the compounds was also supported by 2D-GC analysis in both EI and vacuum ultra violet (VUV) ionization carried out on one pair of offline samples (quartz fiber filters) collected before and at the end of the aging phase, as illustrated in Fig. 2 . Details of the 2D-GC analytical procedure are provided in the Supplement (Fig. S2 ). For quantification, a deuterated internal standard mixture in acetonitrile was added prior to analysis of each sample in the CTD cell via an automatic injection system developed by Isaacman et al. (2011) . The standard mixture included adipic acid-D10, phthalic acid-D4, eicosane-D42, and tetracosane-D50 (Sigma Aldrich). A 5-point mass calibration curve of the authentic standards was achieved before and after the campaign. One point was rerun all along the campaign to check the calibration. The response varied by < 10 %. Compounds for which the authentic standard was not available were quantified using an appropriate surrogate (Table S1 ). Detection limits are presented in Table S2 .
Particle wall loss corrections (pWLC) and emission factor (EF) calculations
The mass concentrations were corrected for particle wall loss following the method described in Weitkamp et al. (2007) and Hildebrandt et al. (2009) . Briefly, the first order decay of an inert tracer, here eBC, was used to estimate the fraction of condensed material lost to the wall. The corrected mass concentration for particle wall losses, C pWLC , of a species was calculated following Eq. (1):
where C p is the concentration of a species measured by the TAG-AMS or HR-ToF-AMS, t is the time since lights on (in min) and k wall/p is the eBC wall loss rate constant (0.003-0.006 min −1 ). Unless stated otherwise, all concentrations and contributions of a marker to OA reported below are corrected for particle wall loss. This method assumes that the condensable material partitions only to the suspended particles and vapor wall losses are considered negligible. The corrected OA mass concentration and that of the individual markers thus correspond to the lowest estimate possible of the total mass formed. Unlike particle wall loss, vapor wall loss cannot be easily constrained by external measurements. To estimate the loss rate, one would need to conduct a thorough investigation of several key parameters (e.g., each compound's saturation vapor concentration, particle mass accommodation coefficient, or equivalent organic mass concentration at the wall), which are not yet properly constrained within the existing literature. Investigation into vapor wall loss is beyond the scope of this paper but is addressed in Bertrand et al. (2018) . Concentrations reported here are not corrected for vapor wall loss.
EFs were calculated based on the method by Andreae and Merlet (2001; Eq. 2) . The equation relates the mass emitted of a pollutant P to that of the amount of fuel burnt.
Here refers to the change in concentration of the species in the atmospheric chamber between background and emission or stabilization. C relates to the carbon masses of CO 2 , CO, THC (total hydrocarbon including methane), organic carbon (OC), and equivalent black carbon (eBC). OC was inferred from the organic matter to OC ratio (OM / OC) determined with the high-resolution AMS analysis (Canagaratna et al., 2015) . The carbon content (W c ) of the beech logs and the pellets were determined in the laboratory by analyzing sawdust of the wood samples with an elemental analyzer (Flash HT, Thermo Fisher) and was 46 ± 1 % (n = 8, w/w) for both types of wood (Bertrand et al., 2017) .
Results
We identified and quantified 71 compounds. They include the anhydrosugars (levoglucosan, mannosan, and galactosan), the methoxyphenols (substituted guaiacols and substituted syringols, details in Sect. 3.2.2), a variety of polycyclic aromatic hydrocarbons (PAHs, including methylated PAHs and oxygenated PAHs), alkanes (C 18 to C 27 ), fatty acids (saturated and unsaturated), and a variety of tracers found almost exclusively in the aged emissions (see Sect. 3.2.3). Together, these compounds contribute between 26 and 85 % of the total POA mass concentration measured by HR-ToF-AMS ( Fig. 3 ). Their EFs for the primary emissions are reported in Table S3 of the Supplement.
Effect of burning conditions on the POA chemical composition
There exists a strong variability between the experiments regarding the contribution of the markers to the total POA mass concentration as well as their EF (Fig. 4) . The influence of fuels on the EF of organic markers has already been extensively reported in the literature (Simoneit et al., 1993; Fine et al., 2001 Fine et al., , 2002 . Therefore, in the next sections, we focus on the influence of the modified combustion efficiency (MCE). While the influence of the fuel (hardwood for stove A and B, softwood for stove C) cannot be neglected, we highlight, from our set of experiments, the overriding importance of the MCE on both the EF of organic markers and their relative contribution to OA. Previous studies have already revealed a relationship between the MCE and characteristics of the mass spectral signature of the OA emissions (Jolleys et al., 2014; Bertrand et al., 2017) but the influence of the MCE on individual organic marker emissions is still virtually unknown. The MCE values for the log woodstoves (stove A and B) range between 0.80 and 0.91 (Table 1) , indicating that the combustion in these stoves is typically smoldering (MCE < 0.9), but also highly variable. However, the pellet stove (stove C) shows little variability and produces a flaming type of combustion. The MCE values for the experiments conducted with this stove are 0.97. More details regarding the burn variability can be found in Bertrand et al. (2017) .
Levoglucosan and other anhydrosugars
The EFs of levoglucosan are in the range 26-249 mg kg −1 of fuel or 13-45 % of the total POA mass concentration. Levoglucosan is emitted along with its two isomers: mannosan and galactosan. The EFs of mannosan are 4-20 mg kg −1 and represent an average fraction of the total POA mass concentration of < 4 % ± 2 % (n = 11). The EFs of galactosan are 0.5-10 mg kg −1 and contribute < 1 % of the total POA mass concentration. Therefore, anhydrosugars represent 27-52 % of the total POA mass concentration. For comparison, previous studies detailing the chemical composition of BBOA have typically reported lower contributions of anhydrosugars to the total POA mass concentration: 7 %, n = 6; Fine et al., 2001, 7 %, n = 6; Fine et al., 2002, 18 %, n = 7; Fine et al., 2004, and 24 %, n = 3; Schauer et al., 2001 . However, the conditions and methods with which they sampled the emissions were different (on quartz fiber filters) with a dilution factor at least 10 times less than what is used in this study. This could result in a higher fraction of semi-volatile organic compounds (SVOCs) partitioning to the particulate phase, therefore increasing the overall OA mass, and thus decreasing the individual contribution of the markers. Figure 4c shows the EF of levoglucosan and its contribution to the POA as a function of the MCE. The emission of levoglucosan correlates well with the MCE (R 2 = 0.61, n = 11). Overall, emissions increase with lower MCE, while the actual contribution of levoglucosan to the total POA mass concentration decreases with lower MCE. Although no clear evidence can be drawn from previous studies (Fine et al., 2001 (Fine et al., , 2002 (Fine et al., , 2004 Schmidl et al., 2008a; Schauer et al., 2001) , it is generally admitted that the contribution of levoglucosan to OA is higher for hardwood than for softwood combustions. As shown in Fig. 4e , such behavior is not observed here, which implies that the nature of the fuel is not the most important driver of the chemical composition of the emitted particles. We consider, therefore, that while smoldering combustions increase the emission of levoglucosan, this process also results in large emissions of a variety of other compounds (not identified nor quantified in our experiments) along with the anhydrosugars; the chemical composition of the resulting organic aerosol is thus more complex and the identified fraction by TAG-AMS of the total OA mass is lower. However, this substantial difference in the contribution of levoglucosan (from 40-50 % at the highest MCE down to 15 % at the lowest MCE) is never considered in source profiles for source apportionment studies.
Methoxyphenols
Methoxyphenols include substituted guaiacol compounds such as vanillin, acetovanillone, vanillic acid, 3-guaiacylpropanol, and conyferyl aldehyde, as well as syringol and substituted syringols such as iso-eugenol, syringaldehyde, acetosyringone, syringyl acetone, propionyl syringol, syringic acid, methyl syringol, and synapyl aldehyde. The total EF of the methoxyphenols is between 7 and 174 mg kg −1 . Syringyl acetone and vanillin are the most abundant compounds in their respective category with EFs ranging from 0.4 to 80 mg kg −1 and from 2 to 7 mg kg −1 , respectively. As for levoglucosan, a strong correlation is observed between the total EF of methoxyphenols and the MCE (R 2 = 0.65, n = 11, Fig. 4d ), which indicates that smoldering conditions also favor the emission of this compound's class.
Methoxyphenols account for an important fraction of the POA, contributing 8-27 % of the total POA mass concen- Table 2 . pWLC contribution of the compounds to the total OA mass concentration at different times of the photo-oxidative process. This table only contains a list of selected compounds and average values. Data from all experiments are divided into seven bins of different integrated OH exposure intervals (from 0 to 9 × 10 6 molecules cm −3 h) then averaged. A full list, with minimum and maximum values is also available in the Supplement.
Integrated OH exposure
Bin 0 Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 (molecules cm −3 h) 0 > 0-5 × 10 5 0.5-2 × 10 6 2-4 × 10 6 4-6 × 10 6 6-7.5 × 10 6 7.5-9 × 10 6 (n = number of samples) n = 11 n = 8 n = 12 n = 15 n = 16 n = 7 n = 2 tration. Unlike levoglucosan, the correlation between their relative contribution to POA and the MCE is more complex (Fig. 4f ). We observe a similar upward trend when considering the experiments conducted with stove A and B only (hardwood, R 2 = 0.41, n = 8). However, experiments conducted with stove C (softwood pellets) do not follow this trend. For methoxyphenols, the influence of the fuel is very well established with larger emissions of substituted guaiacols from softwood combustions, while hardwood combustion emissions contain a larger proportion of substituted syringols (Fine et al., 2001 (Fine et al., , 2002 (Fine et al., , 2004a . Here, as the quantification has been performed on the same set of compounds for all the experiments, we cannot exclude an underrepresentativeness of the substituted guaiacols towards the substituted syringol family.
Other compounds
Overall, the sum of PAHs, alkanes, and fatty acids accounts for < 8 (1.6-7.6) % of the total POA mass concentration. The EF of the individual PAHs vary between 3 µg kg −1 and 4 mg kg −1 , with combined amounts between 2 and 14 mg kg −1 . The relative contributions of the PAHs to the total POA mass concentration vary between 1.4 and 6.4 %. Phenanthrene and fluoranthrene are the most dominant as they represent over one-third of the total PAH contributions. The total EFs of the alkanes (C 18 -C 27 ) vary between 0.5 and 2 mg kg −1 . They represent between 0.04 and 0.73 % of the total POA mass concentration. Four fatty acids including the saturated acids (palmitic acid and stearic acid) and the unsaturated acids (palmitoleic acid and oleic acid) were identified. Their total EFs are similar to the n-alkanes, and they contribute between 0.03 and 1.3 % of the total POA mass concentration. As for levoglucosan, we observe an increase in their contribution to the total POA mass concentration as a function of the MCE (see Fig. S2 in the Supplement). Other compounds reported in this manuscript account for a negligible fraction of the primary OA emission, with the exception of experiment 8 (stove B) where they (mainly the nitrocatechols, see Sect. 3.2) contribute < 3% of the total POA mass concentration.
Effect of atmospheric aging on the chemical fingerprint of OA
The molecular fingerprint of the BBOA undergoes important modifications during aging. By highlighting the differences observed between a sample of fresh and aged biomass burning emissions, Fig. 5 illustrates the impact of such aging on the molecular fingerprint of the emissions. Considering that such fast modifications can generate significant biases in our ability to properly apportion the biomass burning source in the ambient atmosphere, quantitative data on the chemical changes in the molecular signature are required. The contributions of the most relevant markers to the total OA mass concentration at different stages of the photo-oxidative process are also reported in Table 2 . A more exhaustive table is also available in the Supplement (Table S4 ). Although TAG-AMS samples are collected and analyzed approximately at the same time (after lights on) between the experiments, the integrated OH exposure is not homogeneous. Therefore, data are divided into seven bins of different integrated OH exposure intervals (Fig. 6 ; from 0 to 9 × 10 6 molecules cm −3 h). The intervals are set to best reflect the evolution of the compounds. Note, while it is possible that differences in the composition of the primary emissions can influence the SOA composition, we have not found significant differences in the evolution of the individual markers. In this section, we therefore consider all aging experiments from the three stoves. EFs of the molecular markers at an integrated OH exposure of 5 × 10 6 molecules cm −3 h for each experiment are reported in Table S3 in the Supplement. Figure 6 further illustrates the quantitative modification of the chemical fingerprint during the aging process for one experiment (experiment 2). In this example, while the quantified markers represent 32 % of the total POA mass concentration, only 4.5 % of the total OA mass concentration measured by HR-ToF-AMS is identified by the time the experiment reaches an integrated OH exposure of 5 × 10 6 molecules cm −3 h. This result can be generalized since < 10 % of the total POA mass concentration is quantified at the molecular level after the photo-oxidative process. This can be explained by the nature of the emissions present at this stage of the experiment. Due to the oxidative mechanisms taking place, aged OA emissions contain a large amount of high molecular weight, low volatility, and highly oxygenated compounds (Donahue et al., 2011; with multiple isomers. This is reflected in the modification of the O : C ratio (from 0.45 to 0.65). Many of these more oxidized and highly functionalized compounds cannot be easily identified by the methods used here, either because they do not elute from the TAG-AMS or because their mass spectra are not present in the NIST libraries.
We look at the evolution of the absolute concentrations of the compounds and their enhancement ratios (ER). The ER is defined as the ratio between pWLC concentration measured in the particle phase at a time t and the concentration in the particle phase measured at t 0 or before lights on. A compound with an ER > 1 would indicate the compound is formed during aging. An ER < 1 relates to the decay of a compound (i.e., if ER = 0.2, 80 % of the mass of the compound is lost during aging). We can then classify the compounds within three categories: during the combustion and whose concentration in the atmospheric chamber is found to decrease during aging. The non-conventional primary compounds are compounds emitted along with other conventional primary compounds during combustion but whose concentration is found to increase during aging. Note that as the concentrations of the nonconventional primary compounds increase more slowly than OA, their relative contributions to the total OA mass concentration slightly decreases during the aging phase. The secondary compounds are compounds principally found after lights on. In certain experiments, these were also detected in minor amounts in the primary emissions. We distinguish them from the non-conventional primary compounds by the relative amount formed during aging (over 10 times the concentration measured in the primary emissions).
Primary compounds
The identified primary compounds initially represent 48 % of the total POA mass concentration but < 8 % of the total OA mass concentration after 4-6 h of atmospheric aging (bin 4). Levoglucosan and syringyl acetone are the most abundant compounds of this category. Other compounds include the isomers of levoglucosan, mannosan, and galactosan, as well as the PAHs, alkanes, and the following methoxyphenols: 3guaiacylpropanol, conyferyl aldehyde, syringol, iso-eugenol, syringaldehyde, acetosyringone, propionyl syringol, methyl syringol, and synapyl aldehyde.
Before lights on, levoglucosan contributes on average 30 % of the total OA mass concentration. Its contribution decreases to 4.5 % after approximately 4-6 h of atmospheric aging, i.e., by a factor of 6.6. Within the first hour, its contribution to OA is decreased by a factor of 3 (Fig. 8) . The mean ER of levoglucosan is 0.6 (0.4-0.8). The decrease in mannosan is on a similar scale, contributing < 4 % of the total OA before lights on and then decreasing to 0.5 % after aging, i.e., decreasing by a factor of 7. Its mean ER is also 0.6 (0.4-0.8).
Before lights on, syringyl acetone contributes 4.7 % of the total OA mass concentration. Its contribution decreases to 0.2 % after aging (a decrease by a factor of 23.5 %). Within Figure 6 . Typical evolution of the chemical fingerprint of the organic aerosol emitted by biomass burning during atmospheric aging (Exp. 2, stove A). "Identified OA mass" refers to the OA mass concentration whose molecular composition is resolved by TAG-AMS. 1 h of atmospheric aging, its contribution to the total OA mass concentration has decreased by a factor of 5. Its mean ER is 0. 3 (0.1-0.7) . The contribution of the other identified methoxyphenols to the total OA mass concentration decrease by an average factor of 17 after 4-6 h of atmospheric aging (as high as a factor of 43 for synapyl aldehyde and as low as 6 for syringaldehyde).
The PAHs and alkanes show a more moderate decrease. Their contribution to the total OA mass concentration decreases by approximately 2 to 5 times after 4-6 h of atmospheric aging. The high molecular weight PAHs are an exception. Benzofluoranthene and other five-ring PAHs are observed to decrease by a factor > 10 after 4-6 h of atmospheric aging.
The rate at which these compounds decrease is of particular interest. Many serve as molecular markers in source apportionment studies and are as such implicitly assumed to not oxidize or volatilize. If they are not stable, these mark-ers will introduce a bias in the results and lead to an underestimation of the contribution of biomass burning in favor of other sources including the secondary fraction. Previous studies have examined the effective rate constant for the reaction of these compounds with OH (Lambe et al., 2009; Hennigan et al., 2010 Hennigan et al., , 2011 Kessler et al., 2010; Lai et al., 2014) at ambient temperature, and the rate at which levoglucosan decreases here is consistent with their results (at 2 • C). However, we note that our results ignore the semi-volatile nature of many of these compounds and likely wall losses. As demonstrated by May et al. (2012) and Zhang et al. (2015) , ignoring wall losses can result in an underestimation of the compound concentration measured in the chamber as much as by a factor of 4. Therefore, the k OH rate constant derived from these results must be regarded with caution. This is addressed in further detail in Bertrand et al. (2018) . The ER is defined as the pWLC concentration measured in the particle phase within a time range corresponding to an integrated OH exposure of 4-6 × 10 6 molecules cm −3 h (bin 4, Fig. 6 ) and divided by the concentration in the particle phase measured at t 0 (i.e., before lights on). An ER of 0.8 means a loss of 20 % during aging after pWLC. Note that for the secondary compounds (red) observed after the start of the photo-oxidative process only, the ERs are calculated using the detection limit. Error bars show the standard deviation derived from all experiments.
Non-conventional primary compounds
This category includes mainly methoxyphenols such as vanillic acid, vanillin, acetovanillone, and syringic acid, as well as some less known compounds: tyrosol and pyrogallol. Their contribution to the primary emissions is not significant (on average < 3 % of the total POA mass concentration in total). Unlike the other primary compounds emitted during combustion, their pWLC concentration is found to increase during aging. Fortenberry et al. (2018) observed a similar trend for vanillin. As most of these compounds are detected both in the gas and particle phase of the emissions Schauer et al., 2001) , with the smaller fraction detected in the particle phase of the emissions, it is possible that their increase is partly a result of the partitioning effect. A significant increase in the OA mass after lights on as observed in these experiments could drive a larger fraction into the particle phase. However, it is likely that this effect would be reduced by the vapor wall loss also occurring, which has been demonstrated to be significant by other authors (Zhang et al., 2015; La et al., 2016; Trump et al., 2016; Ye et al., 2016) . Therefore, the other most sensible hypothesis is that these compounds are formed during the oxidation process. Several experiments have been conducted on the heterogeneous and gas-phase reactivity of methoxyphenols with atmospheric oxidants (OH, NO 3 ; Net et al., 2011; Lauraguais et al., 2012; Yee et al., 2013) . Typically, they react to first form intermediate products with a structure akin to the initial methoxyphenol. For example, Liu et al. (2012) reported vanillin and vanillic acid as by-products of the reaction of the methoxyphenol conyferyl aldehyde in the presence of the nitrate radical. A mechanism of the formation of vanillin from larger lignin decomposition products was also described by Wong et al. (2010) . The mean ER of vanillic acid is 2.2 (1.4-3.8). The compound represents 0.1 to 0.3 % of the total OA mass concentration at its peak concentration during aging (Fig. 8) . This is within the same range of proportions observed before lights on. Similar ER are obtained for vanillin and acetovanillone (2.1 and 2.2, respectively). Syringic acid and tyrosol show a slightly more moderate mean ER of 1.9 and the mean ER of the pyrogallol is 3.5 (2-5). 
Secondary compounds
The identified secondary compounds include nitro-aromatic compounds such as 4-nitrocatechol (4-NC) and its methylated derivatives, 4-methyl-5-nitrocatechol (4M5NC) and 3methylated-5-nitrocatechol (3M5NC), as well as methylglutaric acid and vanillylmandelic acid. After 4-6 h of atmospheric aging, these compounds contribute 2.5 % of the total OA mass concentration.
Nitrocatechols are the most abundant secondary compounds detected. Iinuma et al. (2010) , Kelly et al. (2010), and Finewax et al. (2018) demonstrated their formation through the oxidation of cresol in the presence of NO x . The aerosol formation of nitrocatechols varies between 7 and 65 mg kg −1 for 4-NC, between 0.3 and 6 mg kg −1 for 4M5NC, and between 0.4 and 10 mg kg −1 for 3M5NC. In the experiments where 4-NC is detected in the primary emission (< 0.2 % of total OA), the ER averages at 80 (15-260). For experiment 8 only, we observe a substantial amount of 4-NC in the primary emissions (> 1 % of the POA mass concentration). The ER of the compound is 6 in this case. With regard to the alkylated nitrocatechols, 5 of the 11 experiments present trace levels of 4M5NC in the primary emissions. The ER averages at 17 (3 to 50). The average ER for 3M5NC is 14 (3 to 45). The concentrations of these compounds increase within the first 1-2 h of atmospheric aging, and contribute to as high as 5-6 % of the total OA mass concentration in the case of 4-NC (Fig. 8) , and up to 0.4 and 0.8 % for 3M5NC and 4M5NC, respectively. The concentration of 3M5NC decreases soon after the initial peaking (by a factor of 2 to 3 near the end of the experiment), whereas the concentrations of 4-NC and 4M5NC remain stable. We hypothesize that the formation and loss processes compete, especially in the case of these compounds.
Nitro-aromatic compounds have been observed at sites impacted by biomass burning before (Iinuma et al., 2010; Kitanovski et al., 2012 Kitanovski et al., , 2014 Mohr et al., 2013; Kahnt et al., 2013; Frka et al., 2016; Gaston et al., 2016) at concentration levels typically two orders of magnitude lower than that of levoglucosan (4-NC / LG ≈ 0.01-0.1, MNC / LG ≈ 0.01-0.08). Here, the 4-NC / LG and MNC / LG ratios vary from 0.25 to 0.5 and 0.06 to 0.15, respectively. We hypothesize that the higher levels of 4-nitrocatechol emissions found in the chamber are the result of a high concentration of NO x (Table 1 ; in a range of 50 to 252 ppb, compared to 40-50 ppb in areas heavily impacted by biomass burning (Brulfert et al., 2005; Sandradewi et al., 2008) . Experiments conducted at higher NO x concentrations (i.e., experiments 9-11 with stove C; see Table 1 , THC / NO x ≈ 5, cresol / NO x < 0.005) show the highest contribution of 4-NC to the OA mass concentration (3-6 %).
The EI mass spectra of 4-nitrocatechol and the alkylated nitrocatechols (without derivatization) are dominated by the ion C 6 H 5 NO + 4 (m/z 155) and C 6 H 2 NO + 4 (m/z 152), respectively, which are detected with the HR-ToF-AMS. Fig-Figure 9 . HR-ToF-AMS measurements against TAG-AMS measurements. C 6 H 5 NO + 4 (m/z 155.022) vs. 4-nitrocatechol (a), and C 6 H 2 NO + 4 (m/z 151.098) vs. alkylated nitrocatechols (3methyl-5-nitrocatechol and 4-methyl-5-nitrocatechol) (b), during the aging of biomass burning emissions. Intensities of C 6 H 5 NO + 4 (m/z 155.022) and C 6 H 2 NO + 4 (m/z 151.098) from the HR-ToF-AMS data are expressed here in µg m −3 nitrate equivalent, which reflects the peak intensities and not an actual concentration. A dedicated calibration of the HR-ToF-AMS is needed. ure 9 shows the intensity of the fragments from HR-ToF-AMS measurements (expressed in µg m −3 nitrate equivalents) against the concentrations of the nitrocatechol compounds measured by the TAG-AMS. The best correlation is observed for 4-nitrocatechol (R 2 = 0.78). For alkylated nitrocatechols the correlation is slightly weaker (R 2 = 0.64), most probably due to the contribution of different isomers. While a proper calibration is needed, such relationships indicate that these two ions (C 6 H 5 NO + 4 and C 6 H 2 NO + 4 ) can potentially be considered as suitable tracers of nitrocatechol compounds in AMS measurements and could offer interesting perspectives for the quantification of secondary BBOA in ambient atmosphere. However, and because of possible interferences from other aerosol sources, this assumption must be confirmed with more complex organic matrices.
Finally, this third category also includes less often reported compounds. They, however, represent only a small fraction of the total OA mass concentration. At its peak, the methylglutaric acid contributes < 0.05 %. The aerosol formation varies between 0.01 and 2 mg kg −1 . For the majority of the experiments, this compound is detected only during aging. Only two experiments show traces of the compound before lights on. Their ERs are 9 and 15, respectively. The vanillylmandelic acid contributes as much as 0.2 % of the total OA. The EFs for aged emissions vary between 0.04 and 1 mg kg −1 . The compound is detected in the primary emission of all experiments but its enhancement ratio is > 10.
Conclusions
We investigate the influence of the combustion efficiency and atmospheric aging on the chemical fingerprint of the OA emitted by biomass burning by means of a TAG-AMS. We provide a detailed quantitative analysis of the evolution of the contribution of 71 markers to the OA mass from fresh to aged emission. We draw the following conclusions:
-The emission factors of the individual organic markers are mostly driven by the MCE. Smoldering combustion increases the EF of the reported compounds. Within the experiments conducted with the same fuel, the contribution of the markers to the total POA mass concentration also varies according to the MCE (i.e., lower contribution at smoldering conditions). This indicates that smoldering combustion produces OA emissions with a more complex composition. The contribution of levoglucosan for instance varies from 40-50 % at the highest MCE down to 15 % at the lowest MCE.
-The resolved fraction of fresh woodstove emissions by TAG-AMS is on average 52 %, but dramatically decreases with photochemical aging to < 10% after an integrated OH exposure of 5 × 10 6 molecules cm −3 h. The majority of secondary compounds thus remain unidentified.
-The contribution of a variety of tracers to the total OA mass concentration evolves substantially during aging. We establish ratios for all reported compounds as a function of the photo-oxidative processing time. For instance, the contribution by levoglucosan, the concentration of which decreases by approximately 40 % during aging, is < 10 % to the total OA mass concentration at the end of the experiment against an average contribution of 30 % for the fresh emissions.
-Nitro-aromatic compounds such as 4-nitrocatechol, 4methyl-5-nitrocatechol (4,5-MNC) and 3-methylated-5nitrocatechol are formed during aging. They can contribute significantly to the total OA mass concentration (2-4 %), and thus may serve as aged biomass burning tracers in future source apportionment studies.
These data will serve to improve our ability to properly apportion the biomass burning source in the ambient atmosphere. Already, source apportionment studies reveal a large fraction of the aged OA originate from modern sources (i.e., non-fossil fuel sources). Thus, the secondary compounds highlighted in this study should be evaluated to serve as potential tracers of the aged biomass burning emissions. The lack of stability of the primary compounds in the context of source apportionment and how this might result in an underestimated contribution of BBOA should also be further examined.
